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ABSTRACTThis te
hni
al report des
ribes installation, use, and design of sim-alpha, an exe
ution drivenAlpha 21264 simulator. To in
rease simulator a

ura
y, we have in
orporated many of the lowlevel features found in the Alpha 21264. When 
ompared to a hardware 21264 implementation,sim-alpha a
hieves 2% error a
ross a suite of mi
roben
hmarks designed to stress the variousmi
roar
hite
tural features in the simulator. The error a
ross the 10 SPECINT 2000 ben
hmarksis 6.6% and the 12 SPECFP 2000 ben
hmarks is 21%, with the net error being 15% a
ross the 22of the 26 SPECCPU 2000 ben
hmarks.



1 Introdu
tionThe 
omputer ar
hite
ture 
ommunity relies heavily on simulators to evaluate new ideas. Publi
lyavailable simulators like SimpleS
alar [1℄, Rsim [10℄, Trimaran [5℄, and SimOS [11℄ are widely usedand shared by resear
hers, and numerous papers have been published using the results from thesetools. However, few of these tools have been 
ompared against a
tual hardware. In this report, wedes
ribe sim-alpha, a validated, exe
ution driven, Alpha 21264 pro
essor simulator. sim-alpha waswritten by extending the SimpleS
alar [1℄ tool suite.sim-alpha models both the implementation 
onstraints, as well as the performan
e-improving lowlevel features in the 21264. The simulator in
ludes 
ags whi
h allows the user to enable anddisable these features to study their in
uen
e. The simulator allows the user to vary the di�erentparameters of the pro
essor su
h as the issue queue sizes, the fet
h width, and the reorder bu�ersize. sim-alpha a
hieves 2% error a
ross the set mi
roben
hmarks we used for the validation, and15% a
ross a set of 22 ma
roben
hmarks from the SPECCPU 2000 suite. The error a
ross the 10SPECINT 2000 ben
hmarks is 6.6%.The rest of the report is organized as follows. Se
tion 2 des
ribes how to obtain and build sim-alpha. Se
tion 3 des
ribes our target system that in
ludes the Alpha 21264 pro
essor, the DS-10L Alphaserver system against whi
h we validate sim-alpha, the Digital Continuous Pro�lingInfrastru
ture tool set for measuring performan
e of programs on the native DS-10L system, andthe mi
roben
hmarks we used for validating the mi
roar
hite
ture and memory system in sim-alpha. We present sim-alpha error a
ross our suite of mi
roben
hmarks and ma
roben
hmarks inSe
tion 4, and des
ribe usage and internal workings of the tool in Se
tion 5. Finally, Se
tion 6summarizes our work and suggests future enhan
ements.2 Obtaining sim-alphaThe sim-alpha simulator sour
e 
ode is available as a tar gzipped �le through the world wide webat : http://www.
s.utexas.edu/users/
art/
ode/alphasim-1.0.tgzThe mi
roben
hmarks used for the validation 
an be obtained from :http://www.
s.utexas.edu/users/
art/
ode/mi
roben
h.tgzThe SPECCPU 2000 ben
hmark binaries 
an be obtained from :ftp://ftp.simples
alar.org/pub/ben
hmarks/spe
2000/spe
2000alpha.tar.gzsim-alpha 
urrently runs only on x86/Linux boxes; Sin
e it does not 
urrently have 
ross-endiansupport, it 
annot run on big-endian ma
hines. The system 
all support on sim-alpha also 
urrentlysupports only Linux 
alls. To build the simulator, un
ompress the tgz �le and type make in theresulting alphasim dire
tory to build sim-alphatar -xvzf alphasim-1.0.tgz
d alphasim-1.0make
1



The alphasim/tests dire
tory 
ontains 
ompiled test binaries. The simulator uses the Sim-pleS
alar 3.0 Alpha front end emulator, so it 
an run any binary 
ompiled for the Alpha ISA.sim-alpha takes 
ommand line arguments and also a

epts arguments in a �le. The simulator 
anbe 
ompiled in three modes:1. Normal mode where it in
ludes all Alpha 21264 features. This is the default mode. Typemake <sim-alpha>2. Flexible mode where the low level features in the 21264 
an turned on or o�. Typemake flexible3. Fun
tional debug mode where a fun
tional simulator 
he
ks the 
orre
tness of the timingsimulator. While running in fun
tional debug mode, early instru
tion retire should be dis-abled, and only eio tra
es, introdu
ed with release 3.0 of the SimpleS
alar suite, should beused. Typemake fun
tional3 Target Spe
i�
ationIn this se
tion we des
ribe the Alpha 21264 mi
roar
hite
ture, the Compaq DS-10L Alphaserverma
hine we used as our referen
e ma
hine, the Digital Continuous Pro�ling Infrastru
ture toolfrom Compaq whi
h allowed us to measure the performan
e of programs on the native ma
hine,and the mi
roben
hmarks whi
h helped us isolate errors in sim-alpha.3.1 Alpha 21264 OverviewThe Compaq Alpha 21264 [2℄ [3℄ [8℄ [9℄ mi
ropro
essor was introdu
ed in 1998. It implements theAlpha ar
hite
ture, whi
h is a 64-bit load and store RISC ar
hite
ture. To operate at high 
lo
kfrequen
ies, the 21264 in
orporates innovative features su
h as 
lustered fun
tional units, mergingthe bran
h target bu�er with the instru
tion 
a
he, and using a set-predi
t 
a
he. In the followingsubse
tions, we des
ribe the general features of the mi
ropro
essor, as well as some of the low levelfeatures, whi
h we have implemented in sim-alpha.3.1.1 Mi
ropro
essor featuresThe 21264 has a seven stage pipeline as shown in Figure 1. The fet
h stage of the pipeline fet
hesa set of four instru
tions from the instru
tion 
a
he every 
y
le. It uses the line predi
tor to getthe address of the instru
tion to fet
h the next 
y
le. The slot stage of the pipeline stati
ally slotsinstru
tions to sub-
lusters on whi
h they 
an exe
ute. The bran
h predi
tor also returns witha predi
tion in this stage. The next stage of the pipeline, the map stage, performs renaming ofregisters and puts instru
tions in the issue queues. Instru
tions issue from the integer and 
oating-point issue queues in the issue stage, read their input operands in the register read stage, andstart exe
uting in the fun
tional unit assigned. The instru
tion outputs are written ba
k in thewriteba
k stage of the pipeline.Below we list the main features of the 21264. In sim-alpha, all these features 
an be 
on�guredwith 
ommand line parameters, and the default values are those listed in this se
tion.2
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ourtesy Jim Keller's Alpha 21264presentation)
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� An issue width of six instru
tions (4 integer and 2 
oating point) during ea
h CPU 
y
le froma 20-entry integer issue queue and a 15-entry 
oating point issue queue.� An 80-entry reorder bu�er for tra
king instru
tions in 
ight.� A demand-paged memory-management unit 
onsisting of a 128-entry, fully-asso
iative datatranslation bu�er (DTB) and a 128-entry, fully-asso
iative instru
tion translation bu�er(ITB).� Four integer units with an 80 entry register �le. These units are 
alled sub-
lusters in thealpha, and operate on spe
i�
 
lasses of instru
tions. The 80 entry register �le 
onsists of 31ar
hite
tural registers, 8 PAL shadow registers, and 41 registers for renaming.� Two pipelined 
oating-point units. One unit exe
utes adds, divides, and square roots, andthe other unit exe
utes multipli
ation instru
tions. The 21264 has 72 
oating registers. Ofthese, 31 are ar
hite
tural registers, and 41 are used for renaming destination registers ofinstru
tions in 
ight.� A 64KB virtually addressed instru
tion 
a
he. The 
a
he is two-way set asso
iative with 64byte blo
ks. The 21264 uses a set predi
tor to 
hoose between the two sets on ea
h a

ess.This ensures single 
y
le a

ess laten
y to the I-
a
he when the set is predi
ted 
orre
tly.� A virtually indexed, physi
ally tagged dual-read-ported, 64KB data 
a
he. The 
a
he istwo-way set asso
iative with 64 byte blo
ks. The a

ess time for the 
a
he is 3 
y
les.� A tournament bran
h predi
tor whi
h 
onsists ofa) A two level lo
al predi
tor that has 1024 entries in the �rst level (indexed by the PC), with10 bits in ea
h entry, used to index another 1024 entry table of 3-bit saturating 
ounters.b) A 4096 entry global predi
tor with 2-bit saturating 
ounters.
) A 4096 entry 
hoi
e predi
tor to 
hoose between lo
al and global predi
tors with 2-bitsaturating 
ounters.� An 8-entry vi
tim data bu�er.� A 32-entry load queue.� A 32-entry store queue.� An 8-entry miss address �le3.1.2 Low-level features in the 21264The following paragraphs des
ribe some of the implementation 
onstraints the designers fa
edfor a
hieving high 
lo
k frequen
y, and the low-level features they in
orporated to a
hieve highperforman
e.In the 21264, the bran
h predi
tor takes two 
y
les to make a predi
tion. This results in a one-
y
le bubble between the 
y
le the instru
tion is fet
hed and the 
y
le the predi
tion is made.To eliminate this bubble, the 21264 has a line predi
tor, that e�e
tively a
ts as a bran
h targetbu�er. Ea
h 
y
le, the line predi
tor predi
ts the I-
a
he line to be a

essed in the next 
y
le.When instru
tions are fet
hed from the I-
a
he, the line predi
tion bits are also fet
hed along with4



the instru
tions. These bits are used the next 
y
le to get the next set of instru
tions. When thebran
h predi
tor 
ompletes, the predi
tion is 
ompared with the line predi
tor in the slot stage ofthe pipeline. For 
ertain 
lasses of 
ontrol instru
tions like bran
hes and immediate jumps, if thebran
h predi
tor predi
tion di�ers from the line predi
tor predi
tion, fet
h is re-initiated with thebran
h predi
tor address. The line predi
tor 
an store a target for a set of four instru
tions. Insim-alpha, using 
ommand line parameters, we 
an vary the number of instru
tions for whi
h theline predi
tor stores a predi
tion. We 
an also disable the line predi
tor, and use a regular btbinstead.The instru
tion 
a
he is two-way set-asso
iative. To a
hieve single 
y
le a

ess, a way predi
torin the I-
a
he predi
ts whi
h set is being a

essed in the 
urrent 
y
le. Way predi
tion gives thee�e
tive a

ess time of a dire
t mapped 
a
he, although it does result in a 2-
y
le bubble on a setmispredi
tion. The way predi
tor laten
y 
an be varied in sim-alpha.In the map stage, the pro
essor does not know the number of free registers available to renamein the 
urrent 
y
le. Hen
e, it ensures that there are always enough registers available to renamefor the next two 
y
les by stalling for 3 
y
les, whenever the number of free physi
al registers fallsbelow 8. After 3 
y
les it again evaluates the number of free physi
al registers, and will stall againfor 3 
y
les if the free register 
ondition is still unsatis�ed.The integer exe
ution 
ore is partitioned into two 
lusters C0 and C1. Ea
h 
luster has a 
opy ofthe 80-entry physi
al register �le, and two sub-
lusters 
alled lower (L) and upper (U), 
ontainingthe integer fun
tional units. These sub-
lusters are not symmetri
, and 
ontain di�erent numbersand types of fun
tional units. For example, an integer multiply fun
tional unit is present only inU1. The register �les 
ontain identi
al values. These is a one-
y
le delay to transfer data fromone 
luster to another. Thus, dependent instru
tions 
an issue during su

essive 
y
les only to thesame 
luster, and will have to wait one 
y
le to issue to the other 
luster. The 21264 stati
allyslots instru
tions to the two sub-
lusters in the slot stage to a
hieve a better load balan
e, and thendynami
ally 
hooses the 
luster during issue. For example, if a fet
hed o
taword 
ontains an add,a mult, a load, and a shift instru
tion in that order, the slot stage will slot it as LULU to ensuremaximum usage of exe
ution resour
es. sim-alpha provides 
ommand line options for varying thenumber of 
lusters, disabling slotting and 
lustering, and for setting the value of the 
ross 
lusterdelay.The D-
a
he in the 21264 has a 3-
y
le hit laten
y. To fa
ilitate faster instru
tion wakeup ona 
a
he hit, the 21264 uses a te
hnique 
alled load-use spe
ulation, where it issues instru
tionsdependent on the load assuming a load hit. If the load misses in the 
a
he, these instru
tions aresquashed and reissued. In sim-alpha, we approximate load-use spe
ulation by reissuing only theinstru
tions that are dependent on the missing load.The 21264 also uses prefet
hing on an I-
a
he miss to improve performan
e. The 21264 
an prefet
hfour instru
tion 
a
he lines from the L2 
a
he on an I-
a
he miss. Four lines is also the defaultprefet
h value in sim-alpha. However, the number of lines to prefet
h 
an be varied using 
ommandline parameters. The 21264 has an 8-entry uni�ed vi
tim bu�er to 
a
he re
ently evi
ted blo
ksfrom the I-
a
he, D-
a
he, and L2 
a
he. sim-alpha 
a
hes blo
ks only from the level-one D-
a
hein the vi
tim bu�er. The size of the vi
tim bu�er 
an be varied in sim-alpha.5



The bran
h predi
tor uses an adder to pre
ompute targets of immediate bran
hes. This adderenables the 21264 to predi
t targets of immediate bran
hes 
orre
tly even if the line predi
tor iswrong. The 21264 also has a me
hanism 
alled early instru
tion retire to dete
t no-ops early in thepipeline (map stage). These no-ops are retired immediately, and thus do not 
onsume exe
utionresour
es. The user 
an enable or disable the adder and the early instru
tion retire in sim-alpha.To enfor
e 
orre
t memory a

esses, the 21264 uses order traps. Order traps result in the pipelinebeing 
ushed, and the instru
tion being restarted from the fet
h stage of the pipeline. There are twomain types of order traps: Load-Load order traps and Store-Load order traps. The 21264 invokesa load trap on a newer load instru
tion that has been issued before an older load instru
tion to thesame address. To dete
t a store trap, the 21264 
ompares the addresses of all store instru
tionsas they are issued to loads in the load queue. If the pro
essor dete
ts a newer load to the sameaddress in the load queue, it invokes a store trap on the newer load. Store traps are ne
essary toensure that loads and stores to the same address happen in program order. Traps are expensive interms of performan
e, the minimum 
ost being 12 
y
les. Hen
e the 21264 uses spe
ial hardwareto redu
e the o

urren
e of store traps. The pro
essor has a 1024 one bit table 
alled the stWaittable, indexed by the PC, to stall issue of loads 
ausing order traps. This bit is fet
hed from theI-
a
he with ea
h instru
tion. The pro
essor does not issue a load for whi
h the stWait bit is set,until all previous stores have issued. On a store trap, this bit is set for the faulting load when it isre-fet
hed. All bits in the stWait table are un
onditionally 
leared every 16,384 
y
les. The 21264also has another type of trap 
alled Mbox trap, for ensuring 
orre
tness in the memory system.The Mbox traps also result in a 
ushing of the pipeline but are triggered by events o

urring in thememory system su
h as outstanding misses to two loads to same address but di�erent destinationregisters, outstanding misses to di�erent physi
al addresses that map to the same D-
a
he or L2
a
he line, and store queue over
ow. The Load-Load order traps and the Mbox traps 
an bedisabled in sim-alpha. The user 
an also set the size of the stWait table.3.2 Compaq DS-10L AlphaserverWe used the Compaq DS-10L Alphaserver to validate sim-alpha. The workstation has a single21264 pro
essor 
lo
ked at 466 MHz, a 2 MB external L2 
a
he (dire
t mapped, with 64 byteblo
ks), and 256 MB of physi
al memory. The workstation runs version 5.1 of Compaq Tru64UNIX. The DS-10L has 
ustom memory 
ontroller 
hips whi
h 
onsists of a single 
ontrol 
hip, theDigital DC1046C, and two 
hips whi
h a
t as data swit
hes, the Digital DC1047B. The SDRAM
onsists of 16 
hips of 8MB ea
h running at 125 MHz and an 8-ns a

ess time. The C 
ompiler onthe DS-10L is version 6.3-025 of the Compaq C 
ompiler.3.3 Digital Continuous Pro�ling Infrastru
tureThe Digital Continuous Pro�ling Infrastru
ture (DCPI) [4℄ for Compaq Alpha platforms permits
ontinuous low-overhead pro�ling of entire systems, in
luding the kernel, user programs, drivers,and shared libraries. DCPI (subsequently renamed Continuous Pro�ling Infrastru
ture) samplesthe Alpha performan
e monitoring 
ounters to 
olle
t information about ea
h program running onthe system.DCPI 
an be used for measuring the frequen
y of 
ertain events on the Alpha 21064, 21164, andthe 21264. On the 21264, DCPI 
an measure the number of 
y
les taken by a program, number6



of instru
tions retired, Mbox traps in
urred, number of retired itlb misses, number of single anddouble dtlb misses, number of retired 
onditional bran
hes, and number of retired unaligned trapsDCPI 
al
ulated the number of 
y
les taken by the programs to 
omplete on the native DS-10Lsystem. This number 
an then be 
ompared against the number of 
y
les taken in the simulator,to 
ompute the simulator error.3.4 Mi
roben
hmarksFigure 2 gives a brief des
ription of the mi
roben
hmarks we used for validating sim-alpha. The�rst row lists the mi
roben
hmarks we used for testing the front-end su
h as the line predi
torimplementation and the bran
h predi
tor implementation. The C infront of the names of these mi-
roben
hmarks signi�es that these test 
ontrol 
ow. The se
ond row lists the mi
roben
hmarks fortesting the exe
ution 
ore su
h as the s
heduler. The E in the mi
roben
hmark name stands for theexe
ution 
ore. The last row lists the mi
roben
hmarks for testing the memory system parameterssu
h as the level-one 
a
he laten
y, the level-two 
a
he laten
y, and the main memory laten
y. TheM here stands for the memory system.A more 
omplete des
ription of the mi
roben
hmarks 
anbe found in [6℄ [7℄. The sour
e 
ode for all the mi
roben
hmarks 
an be obtained from the websitelisted in Se
tion 2.
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